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Introduction

1
Knowledge of the strength characteristics at a joint can be valuable for a variety of applications. Strength measured from an impaired individual can be compared against healthy strength characteristics to indicate the nature, locality, and severity of musculoskeletal injury. Strength data may be used in engineering applications to design safe and effective products or devices. Finally, strength measurements may be used in research to investigate joint force variability in motor control or to validate computer models representing musculoskeletal biomechanics [1, 2, 3] .
Shoulder joint stability is important for the high level of mobility necessary for performance of daily functional tasks and for more challenging athletic activities [4, 5] . Stability of the shoulder relies on static and dynamic restraints such as osseous geometry, integrity of capsuloligamentous supporting structures, the glenoid labrum, as well as muscles involving mechanical and neuromuscular mechanisms. Composed of static and dynamic elements, stability depends on feedback loops from the mechanoreceptors to the central nervous system, termed proprioception, to maintain muscle stiffness and coordination about the joint and thus produce smooth movements. These mechanoreceptors are in the joint, capsules, ligaments, muscles, tendons, and skin [6] . Some authors have argued that alterations in scapular positioning can have an effect on shoulder function [7] [8] [9] . Furthermore, scapular positioning is hypothesized to bear a direct relationship to scapular stability and the generation of muscular forces, because coordinated muscle patterns are believed to be requisite for normal glen humeral joint function and muscle force production [1, 10, 11] . Thus, most authors of texts consider the assessment of scapular position to be one part of a comprehensive approach to evaluation of patients with suspected shoulder dysfunction [12] . The scapula must serve as a stable base for glen humeral function but it also must move through a substantial arc of motion. This motion is required to maintain optimal muscle length-tension relations and glen humeral joint alignment during elevation of the arm [13] .
Motion of the scapula on the thorax is essential for normal function of the upper extremity [14] . Specifically, this motion influences glen humeral joint stability, the size of the sub acromial space, and transference of forces from the lower extremities and trunk to the upper extremity [15] . The dynamic constraints of the shoulder girdle include not only the dynamic musculotendinous units of the rotator cuff but also the force couples provided by the scapulothoracicmuscles [13] . The quality of neuromuscular control around the scapula depends on several factors that determine scapular muscle balance [16] . Balanced force production between protractors and retractors is a primary necessity but not the sole condition for muscle balance. In addition, balanced muscle activity among the 3 trapezius parts is necessary for scapular stability. Moreover, balanced timing of muscle recruitment among the scapular muscles is a crucial component of dynamic stability of the scapula throughout arm motion [13, 17, 18] .
Weakness, abnormal positioning, and abnormal timing of the scapular muscles are all contributing factors to scapular dyskinesia. Impairments in scapular motion can lead to problems such as abnormal stresses on the anterior capsular structures of the shoulder, increased risk of rotator-cuff compression, and decreased muscle performance [19] . Changes in scapular motion, such as decreased protraction or imbalances between the upper and lower trapezius, have been reported in patients with impingement [16, 18] . Inadequate scapular stabilization has been shown to contribute to altered biomechanics of the shoulder complex and to increase the risk of musculoskeletal problems such as instability and impingement [15, 18] .
Amongst the 14 muscles that surround and attach to the scapula, the upper and lower portions of the trapezius and the serratus anterior muscles are believed to be important for scapulothoracic motion. These muscles are typically described as producing upward rotation and retraction of the scapula. Additionally, the upper and lower trapezius and serratus anterior muscles have been proposed to play a role in producing external rotation and posterior tilt of the scapula [14] .
Athletes involved in repetitive overhead activities place unique demands on the shoulder girdle [20] . Overhead activities such as throwing, swimming, place the athlete at considerable risk of overuse injuries [17] .
The purpose of this study was to study data for strength of the scapulothoracic muscles in healthy individuals, as well as examine the effects of overhead-activity level on these measurements. We hypothesized that those who participate in activities that require increased scapular stabilization, such as overhead athletes, would have higher strength values than those who do not.
Materials and Methods
Participants.
66 student athletes were recruited from Mazandaran University of Science and Technology sports teams. A cross-section of sports and activities was sampled to examine the differences in subjects with bilateral (swimmers), unilateral (handball players), or no overhead activity (football players). All of the testing took place at team practices or meetings and in the laboratory.
Subjects were asked to fill out a questionnaire regarding their activity level, height, weight, history of previous injury to the upper extremities, and basic demographic information.
Research Design.
The manual-muscle-testing positions described by Hislop and Montgomery [21] . We measured the isometric strength of the scapulothoracic muscles with the Nicholas Manual Muscle tester (Lafayette Instrument Co, Lafayette IN, model o1160). Muscles rarely work in an isolated manner, so these muscle tests can be considered "biased" toward each muscle. For example, several studies have shown increased middle-trapezius electromyographic activity during the position described for the lower trapezius [22, 23] . However, isolating the middle trapezius' action of scapular retraction is commonly done in clinical practice [21] . Michener et al established construct validity for the lower-and upper-trapezius muscle tests using the positions described respectively [24, 25] . The testing procedure for the serratus anterior targets both functions of the muscle: upward rotation and protraction [22, 23, 26] . The testing procedure for the rhomboids is illustrated. Smith et al demonstrated that the rhomboid manual muscle test described by Hislop et al was not significantly different than the rhomboid manual muscle test described by Kendall et al when considering the percent maximum voluntary contraction of the rhomboids [25, 27] .
For each test, the subject was asked to perform the motion through his or her full range of motion, back off into midrange, and hold the position. A "make" muscle contraction was used rather than a "break" muscle contraction [28] . A make test was used to avoid overpowering the subjects in an effort to measure their force-producing capabilities. Make tests are used almost exclusively with handheld dynamometry [29, 30, 31] . Subjects were asked to build their force gradually to a maximum voluntary effort over a 2-second period. They maintained a maximum voluntary effort for a 5-second period. The examiner kept the dynamometer in place by matching the force exerted by the subject, and the peak force was recorded. If the subject "broke" against resistance, the data were not recorded, and the muscle test was repeated. Strength measurements were collected for each subject's dominant upper extremity. One trial of each muscle test was used, which has been established in the literature as adequate for measuring muscle strength in healthy subjects [26, 32, 33] . To avoid any possible fatigue factor, all the testing occurred before practices, competitions, or heavy exercise.
The order for testing the muscles was semi randomized to facilitate the speed of testing. Because the end piece of the dynamometer had to be changed, muscle tests requiring the curved end piece were tested together. These muscles included the upper trapezius, serratus anterior, and rhomboids. The middle-and lower-trapezius muscle tests required the rectangular end piece and were therefore tested last.
Reliability Study
Before actual data collection, we measured the isometric strength of Scapulothoracic muscles in 12 subjects that not included in the study analysis to develop consistent techniques, adopt stable positions for resisting subjects' force, and improve reliability. After sufficient practice, a pilot study was performed to determine the Inter Correlation coefficients (ICC) and Significant Error Means (SEM). Data were analyzed using Statistical Package for the Social Sciences (version 18.0) to calculate interclass coefficients (ICCs) for intrarater and interrater reliability. After ICC calculation, the standard errors of measurement were calculated. See Table 1 .
Data Analysis Subjects were classified into 1 of the following 3 groups: no overhead activity, unilateral overhead activity, or bilateral overhead activity. No overhead activity was defined as not participating in any athletic activity that required the arm to be elevated above 90°, including, football players, and nonathletic participants. Unilateral overhead activity was defined as participating in any athletic activity that required predominately 1 arm to be elevated above 90°, that including handball players. Bilateral overhead activity was defined as participation in athletic activity that required both arms to be elevated above 90°, such as swimmers. Based on the operational definitions used, to be considered for either the unilateral or bilateral athlete's categories, one had to have actively participated in an organized sport for a minimum of 1 year. Descriptive statistics for the demographics for each group are provided in Table 2 .
For each ANOVA, the average force production of each muscle across each activity level was analyzed to determine a rank order for the strength of the 5muscle groups tested. Then the unilateral strength ratios were determined. The 3 ratios studied were elevation versus depression (upper vs lower trapezius), protraction versus retraction (serratus anterior vs middle trapezius), and upward versus downward rotation (serratus anterior vs rhomboids). For simplicity, the serratus anterior was used to represent upward rotation, instead of the force couple concept using upper trapezius, lower trapezius, and serratus anterior. The middle trapezius was selected because it has the unilateral function of retraction, as opposed to the rhomboids, which have the dual function of retraction and downward rotation. As stated before, muscle weaknesses and imbalances can lead to impingement, so using these unilateral ratios may help establish normal balance of the scapulothoracic muscles [15, 28] . A separate 2-factor ANOVA of ratio by activity level was used to examine the effects of activity level on the strength ratios. Each ratio served as a within-subject factor with 3 levels, and activity level constituted a between-subjects factor with 3 levels. Procedure When significant interactions on main effect were revealed, main interactions, only effects post hoc comparisons were conducted using the Dunn-Bonferroni correction method. Specifically, for significant interactions, only within-group-between muscles and within-musclebetween-groups comparisons were considered. Statistical significance was considered P <0 .05. Table 3 .
Results
The
After a 2-way ANOVA to compare muscle-strength ratios across activity level groups, no significant interaction was observed (P=.145). A significant main effect for muscle ratio was noted (P<.001), but the main effect for activity level was not significant (P=.601). Therefore, it is not necessary to discuss each muscle ratio separately by overhead activity level. Post hoc analysis revealed that the elevation: depression ratio was significantly higher than both of the other ratios. The protraction: retraction ratio was significantly higher than the upward: downward rotation ratio (Table 4) .
Generally, the overhead athletes (both unilateral and bilateral) had significantly higher muscle strength than the group with no overhead activity. This pattern was true for every muscle except the lower trapezius, which was the weakest across all 3 groups. There were no significant differences between the unilateral and bilateral overheadactivity groups. There were no statistically significant differences found among any of the groups with respect to the lower trapezius (Table 3 ).
In the no-overhead-activity group the upper trapezius was significantly stronger than any other muscle. Both the middle trapezius and serratus anterior were significantly stronger than the rhomboids and the lower trapezius. There were no significant differences between the middle trapezius and the serratus anterior. In addition, there were no significant differences between the lower trapezius and the rhomboids. In the unilateral overhead-activity group the upper trapezius was significantly stronger than any other muscle. The serratus anterior was significantly stronger than the middle and lower trapezius, as well as the rhomboids. The middle trapezius was significantly stronger than the lower trapezius and rhomboids. There was no significant difference between the lower trapezius and the rhomboids. In the bilateral overhead-activity group the upper trapezius was significantly stronger than any other muscle the middle trapezius was significantly stronger than the lower trapezius and the rhomboids. The serratus anterior was significantly stronger than the middle and lower trapezius, as well as the rhomboids. The rhomboids were significantly stronger than the lower trapezius, which is a unique finding to the bilateral overhead activity group. However, Table 5 demonstrates a general template for rank ordering the strength of the scapulothoracic muscles based on overhead-activity level.
Discussion
One way to objectively measure strength in the clinical setting is through the use of a handheld dynamometer, which is more accurate and less subjective than manual muscle testing. The interrater and interrater reliability of handheld dynamometry have been supported in previous studies [6, 27, 31] . The strength of the rater, experience, and tester stability all can alter the reliability of the measurement [6] . However, if these variables are controlled, the handheld dynamometer can be a valuable assessment tool. Adequate assessment of the scapulothoracic musculature is essential to designing better rehabilitation protocols.
Research has demonstrated that some cases of impingement problems have been adequately resolved with rehabilitation protocols involving scapular muscle reeducation and strengthening exercises [19, 34] . By restoring the normal balance of force couples, physical rehabilitation can improve the position and motion of the scapula to decrease impingements and also increase the strength of rotator-cuff muscles [19] . Therefore, outcome assessments in rehabilitation protocols should address these kinematic and muscle-activity alterations to restore normal scapulothoracic and shoulder-complex movements.
This study was the first to compare between scapulothoracic strength using a handheld dynamometer muscle strength and activity level. When comparing muscle strength and activity level, a common pattern was found. The overhead-activity-level groups (unilateral and bilateral) had significantly greater scapulothoracic muscle strength than the group with no overhead activity. This observation can most likely be explained by a training effect. Although direct training of the scapular stabilizers is not commonly seen in training programs, these muscles are a part of the kinetic chain and were therefore active during overhead activity for stabilization. The later aim of this study was to compare between each muscle's strength in the bilateral overhead-activity level.
There were significant differences between each muscle's strength in the bilateral overhead-activity level, which led to establishing a rank order for this group. The rank order is as follows: upper trapezius, serratus anterior, middle trapezius, rhomboids, and lower trapezius. For the remainder of the activity-level groups, an exact rank order could not be determined given the lack of significant differences between muscles, however several trends were observed. These trends were similar to the order established by the bilateral overhead-activity group. Generally, the upper trapezius was the strongest, followed by the serratus anterior and middle trapezius, followed by the rhomboids and lower trapezius.
As previously stated, scapulothoracic muscle weaknesses lead to imbalances that can result in abnormal stabilization and control of the scapula [19] . Identifying weakness that could potentially lead to shoulder dysfunction could potentially lead to a decreased rate of sub acromial impingement. In one study, the rate of shoulder impingement was 55.1% of 878 patients with shoulder dysfunction [27] . A rank order can be used to identify weak muscles to modify training and conditioning programs with the goal of restoring normal muscle balance. This comparison would be analogous to considering quadriceps-to-hamstring ratios.
However, with respect to the unilateral ratios, no differences were seen across activity level. The 66 normal subjects included in this study demonstrated upper trapezius strength approximately 2.47 times that of the lower trapezius. The ratio between the upward rotators (represented by the serratus anterior) and the downward rotators (rhomboids) was approximately 1.23:1. The ratio between scapular protraction (serratus anterior) and scapular retraction was approximately 2.35:1. We recognize that the scapulothoracic muscles work as synergists to produce scapular motion. Therefore, using 1 muscle to represent each motion may be a limitation and an oversimplification. Nonetheless, we felt it was more appropriate than having muscles with multiple functions. The ratios, which are rounded for each clinical interpretation, were very consistent among this population of healthy subjects. These findings warrant further research into muscle ratios in patients with shoulder g Indicates the strength of this muscle was significantly greater than those below.
pathologies, which may identify specific deficits relative to these pathologies. This information can help focus evidence-based rehabilitation programs.
Research has demonstrated that alterations in scapular kinematics are connected to decreased serratus anterior activity, increased upper trapezius muscle activity, and imbalances between the upper and lower trapezius [22] . Research has shown that scapular upward rotation, posterior tilt, and external rotation were decreased in patients with impingement syndrome when compared with healthy subjects. Ludewig and Cook also demonstrated that subjects with symptoms of impingement had significantly more upper trapezius muscle activity and less serratus anterior activity than a control group [2] . Cools et al found that overhead athletes with impingement demonstrated decreased protraction [31] . These studies underline the importance of scapular kinematics and strengthening exercises in shoulder rehabilitation protocols.
There were several limitations of this study. The scapulothoracic muscles are difficult to test with a handheld dynamometer without crossing multiple joints. We decided that it was important to use previously studied and widely accepted manual muscle tests with as few modifications as possible when using the handheld dynamometer. Several studies have demonstrated increased middle-trapezius EMG activity with the position used to test the lower trapezius [22] . The middle trapezius may help eccentrically control upward rotation of the scapula by limiting scapular abduction, which may contribute to this increased activity during the lower-trapezius test [23] . However, isolating the middle trapezius' function as a scapular retractor in 90° of abduction and neutral rotation (elbow flexed to 90°) helps bias the test to measure only the middle trapezius' strength [21] . We used the position presented for several reasons. First, it is the most commonly described position in most manual-muscle-testing texts. Even though the lower trapezius produces high EMG activity in this position, it also is heavily involved with the upward-rotation force couple. Thus, the high EMG activity previously described likely represents the lower trapezius' producing a synergistic activation to prevent scapular rotation. By using the position, we isolated the movement pattern for scapular retraction without the confounding rotations or force-couple co-activations.
In addition, with the particular model of handheld dynamometer used, there were issues when using a rigid end plate instead of a hand. Pain inhibition may have been a factor in our study, because of the shape of handheld-dynamometer force plates (end pieces). Attempts were made to reduce pain inhibition by avoiding placement directly over bony prominences, but maintaining consistency of dynamometer placement limited our ability to avoid this completely. With respect to dynamometer positioning and pain inhibition, any test that did not appear to be the subject's maximal effort was repeated. We feel that any dynamometer with similar pads would yield similar results. However, further research in this area may benefit from using a more comfortable dynamometer.
Conclusion
The strength of the 5 scapulothoracic muscles was measured in 66 subjects with no history of shoulder dysfunction using a handheld dynamometer. When the subjects were classified by overhead-activity level, a rank order for strength was established in the bilateral overheadactivity group (upper trapezius, serratus anterior, middle trapezius, rhomboids, and lower trapezius).
When the strength of the scapulothoracic muscles as a unilateral ratio was examined, no significant differences occurred across activity levels. The elevation: depression ratio was approximately 2.47:1, upward to downward rotation approximately 1.23:1, and protraction to retraction approximately 2.35:1. The consistency of the ratios across overhead activity levels could provide a practical clinical guideline for establishing exercise progression and meeting discharge criteria. We hope this information can lead to better objective documentation and customized rehabilitation programs based on the objective evidence and normative data.
This information can also be used to help prevent injuries in performance-enhancement programs or as a screening tool. As physical therapy continues to move toward a direct-access setting, a continued commitment to objective documentation, practical clinical guidelines, and evidence-based rehabilitation programs is increasingly important.
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